This paper discusses the effects of tactile cueing on performance in a fixed base simulated helicopter hover task. Sixteens active-duty military helicopter pilots participated in a repeated measures two minute stationary hover test. Participants performed the hover task under four treatment conditions; tactile cueing (on/off) and secondary arithmetic task (on/ofT). Following each 2-minute hover, participants reported subjective situation awareness using the five point China Lake Situation Awareness Scale (CLSA). Total time on target improved with tactile cueing with a significant task by display interaction. Performance on the arithmetic task remained consistent across conditions and no significant change was seen on CLSA scores between the tactile/no tactile conditions. Results demonstrate that tactile cues can be used to improve performance in spatial tasks, such as hovering a helicopter, especially in the presence of distracting secondary workload tasks.
INTRODUCTION
Under conditions of high workload or poor visibility, pilots may be susceptible to spatial disorientation (SD). Endsley (1995a) suggests that attention and working memory are two of the most critical factors for forming situation awareness (SA). However, it is not unusual for the pilot's visual attention to be overloaded with the need to scan various displays, and often the external environment provides limited or misleading visual information about spatial orientation. In addition, verbal radio communications (especially in a noisy aircraft) and various other tasks tax the pilot's working memory. While visual and aural channels may be overloaded, tactile or cutaneous channels are often underutilized and may well contain spare capacity for receiving spatial information.
Very few researchers have attempted to tap the spare capacity of the tactile sensory channel. However, a few researchers have shown the available bandwidth for information that can be processed through this channel. For example, Bach-y-Rita and colleagues (e.g., Bach-y-Rita, 1970 , 1972 Bliss, Katcher, Rogers, & Shepard, 1970; White, 1970) projected television camera images on the backs of subjects using a series of 400 vibrating tactors. Subjects could identify the detail of complex objects, and by using variations in vibratory cues, could also accurately perceive depth of scene. While this tactual interpretation of images required significant attention, the motion of objects, presented by movement of the tactile stimulus across the skin, could be detected easily. Sanneman (1975) was able to provide airspeed and glidepath information to pilots via vibrating tactors arranged on a pilot's chest. demonstrated the advantages of tactile cueing when used in concert with other sensory modalities (audio cues) for navigation in complex three-dimensional tasks. The U. S. Navy has developed the tactile situation awareness system (TSAS) in an effort to reduce the rate of aviation mishaps occurring as a result of loss of SA (McGrath, 1998 , Raj, McGrath, Rochlis, Newman, & Rupert, 1998 . TSAS has demonstrated effectiveness as an instrument display method for fixed and rotary-wing aircraft in three flight tests. The sense of touch often provides erroneous sensations in the dynamic environment of flight, and as such pilots train to ignore their "seat-of-the-pants" sense. This sense, however, is one of the primary sources of (SA) during all other times. The current pilot study and experiment investigated: 1) the benefit of vibratory cueing for decreasing response time, and 2) the applicability of a vibrotactile : ': display for improving pilot performance.
PILOT STUDY
Using a choice reaction time task, 10 subjects were asked to respond as quickly as possible to either a visual only, a vibrotactile only, or a combined visualivibrotactile stimulus display. The visual display consisted of four illuminated buttons arranged at the 12,3,6, and 9 o'clock positions on a glare-shielded vertical display positioned approximately 18 inches from the subject. The vibrotactile display consisted of four vibrating tactors (Tactaid', Audiological Engineering, Sommerville, MA) arranged around the upper torso. One tactor was located mid-stemally at the level of fifth intercostal space. Two tactors were located bilaterally at the fifth intercostal space at the mid-axiallary line. One tactor was placed along the vertebral column, interscapular, near the fourth thoracic vertabrae. The stimulus presentation (modality, location and timing of the cues) was randomized. Each subject wore foam earl plugs to prevent cueing from the audible harmonics of the 280 Hz vibrotactile stimulus. Subjects responded to each stimulus by deflecting a joystick forward, backward, or to either side toward the location of the illuminated button, vibrating tactor, or the combination of both. Results suggest reaction times were significantly fastest for the combined visual/vibrotactile display (R < ,001) with no significant increase in error rate over the visual only condition, Error rates were greatest for the vibrotactile only display [F(2,18)=7.30, R < ,011. The authors suggest that both the number and placement of the tactors contributed to this higher error rate. That is, vibrotactile cues could be better localized over adipose (lower abdomen) tissue rather than over the thin dermal structures of the upper torso because vibration traveling through the ribcage may tend to be perceived diffusely and, thereby, confuse the subject.
EXPERIMENT Method
Sixteen male U.S. Navy and Marine Corps student aviators (11 USN, 5 USMC) from the U. S. Navy's Whiting Field (squadrons HT.8 and HT-1 S), who were in the latter phase of rotary wing training, volunteered to participate. Female subjects were not excluded from this study, but none were available that met this criteria during the time the study was conducted. The mean age of the subject pool was 25.9 years; approximate mean total flight hours was 200; mean rotary wing flight hours was 86. The subject pool was divided into two groups to counter balance between the TSAS and the control conditions. Each subject wore a modified F-22 Raptor air cooling vest (Mustang Survival, Inc., Richmond, B. C., Canada). fitted with eight columns of pneumatically activated tactors (Carleton Technologies, Tampa, FL) arranged at 45 deg increments around the upper abdomen. The columns were located circumferentially over the periumbilical, bilateral mid-axillary, and lumbar areas, as well as over locations halfway between these cardinal positions. Each column consisted of two tactors, which both vibrated simultaneously at 50 Hz when activated. While in the fixed-base helicopter simulator, subjects viewed an impoverished visual scene presented on three computer monitors (one in front, one 45 deg to the right and one 90 deg to the right). The only available visual reference cues included a flat, distant horizon and a series of 55 gal barrels serving as position markers (2 barrels per view to provide parallax cues). An additional monitor mounted below the forward view provided standard flight instrumentation (pitch, roll, heading, airspeed, altitude, etc.) in a multi-function cockpit display format (see figure 1) . Control input devices consisted of a cyclic to control the main rotor thrust direction, a collective to control the amount of main rotor thrust and anti-torque pedals to control the yaw of the helicopter. The motion model utilized an attitude command, attitude hold control method and simulated a medium-weight helicopter. The tactor columns vibrated at three different frequencies representing three different drift magnitude ranges (0.2-0.5,0.50-l .O and greater than 1.00 m/set). The direction of drift was represented by the azimuth of the position on the body of the vibrating tactors. In addition, all 16 tactors tired simultaneously if the subjected drifted more than 5 meters from the initial point. White noise and foam earplugs were used to mask auditory distractions, The subjects' task was to maintain a stable hover while experiencing pseudorandom wind gusts, with and without tactile cueing and with and without a secondary arithmetic task presented on a monitor placed below and to the left side of the subject. This custom version of the Synworkl program (Activity Research Systems, Chula Vista, CA) provided additional workload by presenting 2 three-digit numbers and a possible sum. The sums were randomly correct or incorrect and incorrect sums were not obviously wrong (Elsmore, 1994) . The subject indicated if the sum was correct or incorrect by depressing one of two buttons on the joystick and immediately received a new set of numbers and visual feedback regarding the accuracy of their response. The secondary task was intended to draw the subjects' visual attention away from the visual scene while also occupying their working memory.
Subjects were allowed sufficient time (approx. 30 min) to familiarize themselves with the simulation dynamics, the tactile interface and the arithmetic task. Specific exit criteria were used to ensure that each subject understood the task and responded appropriately. Since this implementation of TSAS only provided information regarding horizontal translation, the subjects were instructed to refrain from adjusting the collective or the antitorque pedals, unless they felt it absolutely necessary. As such no altitude or heading data was used in the analysis.
Each subject performed twenty 2-minute hovers in ground effect (altitude approx. 15 to 20 feet). Five of each of the four conditions depicted in table 1 were performed. One half of the subjects (randomly assigned) performed the conditions in A, B, C, D order, the other half in B, A, D, C order to counterbalance for learning effects. Following each 2-minute hover, each subject reported perceived SA using the 5 point China Lake Situation Awareness scale (CLSA, Adams, 1998) . The CLSA scale, designed for inflight assessments, rates SA by way of knowledge of aircraft state and ability of the pilot to assume additional workload (1 = very good SA, 5 = very poor SA).
Results
The data were analyzed in a 2 (TSAS on vs. off) x 2 (secondary task on vs. off) within subjects design. The dependent variable consisted of the amount of time during each 2 minute trial that the subject was able to maintain hover within a specified threshold around the starting point (time on target) and subjective ratings of SA.
A significant increase in time on target occurred while the vibrotactile display was operational (p < .05) and a significant task by display interaction (R < .Ol) was noted; the vibrotactile display improved performance when the pilot also had to perform a secondary task. Secondary task performance remained constant with and without the vibrotactile display (R >.05). Whereas the presence of the secondary task significantly degraded subject reports of SA (p < .OOl), the vibrotactile display did not affect SA (p > .05).
Conclusions
The benefit of the vibrotactile display is evident when pilots are under high workload conditions, that is, when visual attention is diverted and ,,~ working memory is overtaxed. These are the same conditions that are expected to negatively impact SA. In the current study, pilots were able to maintain time on target significantly longer when receiving spatial awareness input (velocity and gross position) via TSAS. Integration and interpretation of tactile information, a highly underutilized channel in aviation and other operational environments, can aid primary spatial tasks without negatively impacting performance on other secondary activities. Also, the combination vibrotactile/visual display could be expected to decrease reaction times over current visual cockpit displays. The lack of subjective SA improvement seen may be due to overconfidence in this subject pool or lack of experience with poor SA (mean with secondary task only = 2.41, mean with secondary task and TSAS = 2.11 out of a 5 point scale). In addition, we utilized this metric retrospectively during fixed pauses between hover tasks, as used in other SA measurement methods (Endsley, 1995b) . While CLSA was designed for use in actual flight, where pausing is not practical, retrospective scores were used to determine SA following the TSAS hover test flights with promising results (mean CLSA score without TSAS=4.4, with TSAS=1.7). Future research will address the degree of accuracy with which spatial information can be relayed via the tactile channel. Also, objective metrics will be added to evaluations of the effects of tactile cueing on SA. Planned investigations will employ tactile cues for other aspects of fixed and rotary wing flight. The development of a robust tactile interface that can provide increased safety and reduced workload when integrated into the cockpit will ultimately result from this research.
